Abstract: Low impact development (LID) best management practices (BMPs) collect, infiltrate, and treat stormwater runoff, and increase recharge to aquifers. Understanding the controls on reduction/oxidation (redox) conditions within LID BMPs is important for groundwater management because outflow from some LID BMPs can recharge aquifers and affect groundwater quality. Here we evaluate redox conditions of urban stormwater runoff in a LID infiltration trench in San Francisco, California, and quantify the relation between water saturation (%) and temperature ( • C) and resulting dissolved oxygen (DO) concentrations, redox dynamics, and O 2 reduction rates. The DO fluctuations have an inverse response to the duration of saturation of the trench. Anoxic (<0.5 mg/L) conditions often occurred within hours of stormwater events and persisted from a few hours to two days, which indicate that microbial respiration can be a limiting factor for DO. Temperature of stormwater runoff was not a statistically significant control on DO. The estimated O 2 reduction rate is 0.003 mg·L -1 ·min -1 , which is two to five orders of magnitude higher than in groundwater from previous studies. Higher rates of O 2 reduction are a function of the more oxic and organic-rich stormwater runoff that drives faster microbial O 2 reduction. Our findings have important implications for the design of infiltration trenches and other LID BMPs to achieve desired redox conditions for infiltrating stormwater toward minimizing groundwater contamination.
Introduction
Urbanization has adversely affected the quantity and quality of urban water resources [1, 2] because of increased impervious surfaces, compaction of soils, and modifications to vegetation [3, 4] , which has reduced infiltration rates and increased stormwater runoff [5] . Impervious surfaces like pavement, rooftops, and parking lots increase stormwater runoff volume and contaminant loads in stormwater. Stormwater runoff from the impervious surfaces can be contaminated with suspended sediments, heavy metals, hydrocarbons, nutrients, and pathogens [6] [7] [8] .
A major challenge for stormwater engineering and management in the 21st century is to develop strategies that encompass climate variability and change [9, 10] and increasing impervious surfaces from the expansion of urbanized areas, while maintaining the health of the watershed and meeting regulatory requirements for stormwater quality [11] . In response to this challenge, low impact development (LID) planning and related best management practices (BMPs) have been increasingly used to reduce the adverse effects of urbanization on surface-water resources. LID is a stormwater management and planning strategy with a goal of mimicking the predevelopment hydrologic regime through the use of design techniques to create a functionally hydrologic landscape [12] . LID design techniques include micro-scale and spatially distributed BMPs such as bioretention-swales, rain-gardens, and infiltration trenches [13] . LID BMPs are constructed based on a combination of site characteristics such as land use, soil texture, drainage area, and key hydrological functions such as precipitation, infiltration, surface runoff, and groundwater recharge [12] [13] [14] .
LID BMPs collect, infiltrate, and treat urban stormwater and improve the quality of receiving surface-water bodies [15, 16] . LID has been shown to treat a range of pollutants in stormwater, including the removal of nitrate (NO 3 − ) and phosphate [17] [18] [19] [20] , metals [21, 22] , fecal indicator bacteria (FIB) [23] [24] [25] , and other pathogens and pollutants. Although often considered a secondary benefit, LID has also recently been shown to increase recharge to local aquifers [26, 27] beneath BMPs without an impermeable bottom layer and underdrain system. Newcomer et al. (2014) [27] demonstrated that recharge rates beneath some LID BMPs can be orders of magnitude larger than beneath other sources of urban recharge. The treatment of stormwater pollutants and enhancement of local groundwater recharge are benefits of using LID BMPs for stormwater management [28] [29] [30] . However, few studies have examined how the design features of LID BMPs influence the biogeochemical processes that occur in the vadose zone and the implications for the quality of recharge to urban aquifers. Because recharge is enhanced by some LID BMPs, they could be direct sources and preferential pathways for the transport of stormwater derived contaminants to reach the groundwater and (or) indirectly alter the biogeochemical conditions within the aquifer that subsequently mobilize contaminants beneath the water table.
Several biogeochemical processes are likely major controls on the quality of stormwater that infiltrates and eventually recharges urban aquifers. In particular, reduction/oxidation (redox) processes can: (i) affect the mobility and availability of organic micro-pollutants such as pharmaceutically-active compounds, pesticides, organic halogens, and other halogenated organic compounds; (ii) affect the fate and mobility of potentially toxic metals associated with naturally occurring aquifer material; (iii) contribute to the degradation or preservation of anthropogenic contaminants; and (iv) generate undesirable byproducts such as dissolved manganese (Mn 2+ ), ferrous iron (Fe 2+ ), hydrogen sulfide (H 2 S), and methane (CH 4 ) [31] [32] [33] [34] . Therefore, characterizing and quantifying the controls on redox conditions beneath LID BMPs is important to better understand and manage urban stormwater effects on groundwater quality.
A few previous studies have explored characteristics of LID that affect subsurface redox conditions. Datry et al. (2004) [35] reported that redox conditions in soils and groundwater are affected by the residence times of infiltrating water in the vadose zone beneath a stormwater infiltration basin. Similarly, von Rohr et al. (2014) [36] found that the hydraulic residence time, which is influenced by the infiltration rate, may affect the redox conditions during riverbank filtration. Greskowiak et al. (2005) [37] showed that the hydraulic regime immediately below an artificial recharge pond near Lake Tegel, Germany is characterized by cyclic changes between saturated and unsaturated conditions that influence the redox conditions. The saturation conditions in the soil, vadose zone, and groundwater influence microbial activity and, in turn, redox conditions because most redox processes are microbially catalyzed [32, 33] . Additionally, microbial activity is temperature-dependent and thus a function of diel and seasonal cycles [32, 33] . Datry et al. (2004) [35] reported that seasonal microbial respiration in an infiltration basin was stimulated by the increase in temperature, thereby leading to higher oxygen deficit in summer, whereas cold winter stormwater slightly re-oxygenated groundwater. During the seasons of cooler soil temperatures, often from November through March in the Northern Hemisphere, saturated soils take longer to become reducing [38] .
Molecular oxygen (O 2 ) acts as the preferred electron acceptor through aerobic respiration because it is the most energetically favorable reaction [39] . [32, 33] . For the purpose of this study, a threshold concentrations of dissolved oxygen (DO) will be used to identify general redox conditions and processes following a framework developed by McMahon and Chapelle (2008) [32] . Under this framework, oxic conditions are present when the observed DO concentration is ≥0.5 mg·L -1 (≥15.6 µmol·L -1 O 2 ) and thus O 2 reduction is the predominant redox process. Anoxic conditions are present when the observed DO concentration is <0.5 mg·L -1 (<15.6 µmol·L -1 O 2 ). Similar to stormwater quality, the rate of O 2 reduction has a significant influence on groundwater quality and the susceptibility of aquifers to contamination because the fate and transport of many groundwater contaminants largely depends on the redox processes that occur along flow paths [32, 39] . Therefore, quantifying the rate of O 2 reduction within LID features is an important indicator of the progression of redox reactions in the vadose zone and aquifer beneath the LID and is critically important to predict the risk of groundwater contamination. Under anoxic conditions, NO 3 − is the preferred electron acceptor and denitrification (NO 3 − reduction) is the predominant redox process when NO 3 − (as N) concentrations are >0.5 mg·L -1 (and DO < 0.5 mg·L -1 , Mn 2+ < 0.05 mg·L -1 , and Fe 2+ < 0.1 mg·L -1 ) [32] . After NO 3 − has been reduced, redox processes may continue along the ecological succession of terminal electron-accepting processes [32, 33] . Understanding and predicting the onset of denitrification beneath LID BMPs is important because stormwater often contains elevated nutrients, including NO 3 − . Nitrate is also the most ubiquitous contaminant of groundwater worldwide, and denitrification can release the greenhouse gas nitrous oxide and pose well-known ecological and human-health risks [40] [41] [42] . Therefore, the overall goal of this study is to better characterize and quantify the redox conditions in a LID BMP, which can be used to better understand and manage urban stormwater effects on groundwater quality. Here we use stormwater chemistry to evaluate redox conditions in a recently installed (2009) LID BMP infiltration trench. Specifically, this study addresses two primary research questions: (1) What is the dynamic relationship between water saturation (%) and temperature ( • C) and the magnitude and duration of fluctuations in DO concentrations and redox conditions within the infiltration trench? (2) What are the O 2 reduction rates in the infiltration trench? Addressing these research questions provides important insight into how to design LID BMPs toward optimizing the water saturation and temperature within a desired redox range (oxic versus anoxic) for infiltrating stormwater to help minimize the transport of redox sensitive pollutants and risk of groundwater contamination.
Materials and Methods

Study Area
The study area is a gravel infiltration trench site at the San Francisco State University (SFSU) LID research network, within the city of San Francisco, CA, USA (Figure 1a ). The infiltration trench was installed in 2009 and instrumented in 2011, and has a surface area of 11 m 2 (0.90 m × 12 m). The infiltration trench is located in the center of a vegetated depression that collects runoff from an impervious bike path, parking lot, surrounding roof tops, and vegetative landscape with an effective drainage area of 430 m 2 ( Figure 1c) . The gravel trench has a maximum storage capacity of approximately 3.0 m 3 assuming a gravel porosity of 0.35 [27] . The design of the infiltration trench follows the volume-based sizing method and a goal of 80% stormwater volume capture [43] for 1-h, 6-h, and 24-h precipitation events (design storms) with a two-year return interval.
The site of the infiltration trench is located above the Westside Basin aquifer (104 km 2 ), which is part of the regionally important California Coastal Basin aquifers (Figure 1b) . The Westside Basin aquifer system has a shallow (<30 m below sea level), unconfined aquifer and two deeper confined aquifers, and is bounded in the north and south by Franciscan Complex bedrock [44, 45] . 
LID Data Collection
The infiltration trench site is instrumented with five Decagon 5TM soil temperature and moisture sensors, five Decagon MPS-1 matric potential sensors, and one Decagon G3 drain gauge (passive capillary lysimeter), which continuously record measurements at a two-minute interval to detect event-based changes in drainage beneath the gravel in the vadose zone ( Figure 2) . Additionally, one Decagon ECRN-100 rain gauge, one Solinst Inc. (Georgetown, ON, Canada) barometer, and three piezometers with Solinst Inc. pressure transducers (model 3001 LTC Levelogger junior) were installed at the infiltration trench site (Figure 2 ). The pressure transducers in each piezometer record the water level (cm), temperature (°C), and conductivity (μS/cm). A fourth piezometer was installed 2.13 m below land surface beneath the infiltration site to manually record water levels. Each piezometer was constructed of pvc pipe with a slotted screen. Soil texture and hydraulic properties of the vadose zone beneath the LID site are reported in [27] .
MiniDOT oxygen loggers [46] were installed on 11 November 2013 to measure DO concentrations along the flow path in the infiltration trench. The miniDOT oxygen loggers were installed in 5 cm diameter piezometers adjacent to piezometers 1 and 3 ( Figure 2 ). These loggers were programmed to make measurements at two-minute intervals, which is consistent with the sampling frequency of the other field instruments. For the DO sensors in the miniDOT oxygen loggers to be in contact with water, water levels in the 5 cm piezometers at locations 1 and 3 have to be at least 26 cm and 34 cm above the base of the gravel, respectively. The miniDOT oxygen loggers measure and record DO concentrations with an accuracy of ±10 μmol/L, DO range of 0%-150% saturation, and DO resolution of at least 0.05 μmol/L [46] . The miniDOT oxygen loggers also 
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Saturation of the Gravel Trench
Saturation of the gravel trench was evaluated using water levels in the three piezometers and hourly precipitation during the period of field observation (July 2012-June 2014). Here, saturation of gravel (%) refers to the ratio of observed water level in the gravel to the thickness of the gravel at each of the three piezometer locations (Figure 2 ). Saturation of gravel (%) at each piezometer location is calculated as: Saturation % = Observed water level above base of gravel Gravel thickness × 100 (1) where the observed water level above the base of the gravel (L) is the average water levels for each piezometer during an hourly time interval, and gravel thickness (L) is the thickness of the gravel at the piezometer location. The stormwater that collects in the gravel is assumed to infiltrate and eventually become recharge. Water loss due to evapotranspiration (ET) and evaporation is negligible because the gravel is not vegetated and the rapid infiltration into the gravel trench minimizes surface ponding and direct evaporation. When the saturation of gravel for the entire trench exceeds 100%, the excess stormwater overflows into the municipal stormwater system ( Figure 2 ). The duration of saturation of gravel (%) is defined as the length of time (reported as either hours or days) when water levels were elevated above the pre-rainfall event water level, and is analogous to the excess saturation of the gravel for a given storm. The duration of saturation of gravel (%) was determined using observed time series of water levels and precipitation.
Precipitation
Historical hourly and daily precipitation data from the San Francisco, Downtown station 
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Precipitation
Historical hourly and daily precipitation data from the San Francisco, Downtown station (NOAA Station ID: 047772) were evaluated for the entire data collection period at the LID BMP (July 2012-June 2014) [47] . Hourly precipitation time series were compared to the water level, temperature, and conductivity time series for the entire collection period and with DO concentrations between 22 February 2014 and 30 June 2014. The shorter collection period of DO concentrations reflects the fact that the miniDOT oxygen loggers were installed at a later time than the LTC Leveloggers. Hourly and daily precipitation data were used to develop hourly and daily runoff volumes for the entire data collection period.
Runoff
The infiltration trench collects stormwater runoff from an effective drainage area of 430 m 2 that includes an impervious bike path, parking lot, and surrounding roof tops. Daily and hourly runoff to the infiltration trench was calculated for the period 2012 to 2014 using the TR-55 SCS curve number method [48] . The stormwater runoff was calculated as:
where R is the runoff depth (L), P is the precipitation (L), S is the maximum retention (unit less), and CN is the composite curve number (unit less). A CN of 98, representing impermeable surfaces such as roofs and pavement was applied to the impermeable surfaces draining to the infiltration trench. Runoff volumes (L 3 ) were calculated by multiplying daily or hourly runoff depths by the effective drainage area of 430 m 2 .
Rate of O 2 Reduction
The rate of O 2 reduction in the gravel infiltration trench was estimated by relating measured DO concentrations to the elapsed time since stormwater runoff into the trench, by modifying the approach described in [32, 39] . Here, elapsed time is defined as the duration of time (minutes) from the beginning of a rain event to the time of the lowest measured DO concentrations before the recovery of DO levels to pre-event conditions. Zero-order reaction rates were estimated from changes in concentration of DO as a function of elapsed time using:
where −K 0 is the rate (mg·L -1 ·min -1 ) for zero-order reaction kinetics, C is the concentration of DO at the time of interest (mg·L -1 ), C 0 is the initial concentration of DO (mg·L -1 ), and ∆t is the elapsed time (min). Zero-order rates were determined by fitting a linear regression curve to a plot of DO concentration versus elapsed time.
LID Oxygen Demand (LIDOD) Rate
The LID oxygen demand (LIDOD) rate is first defined here as the rate of DO consumption by microbial respiration processes in the gravel infiltration trench. Using a modified method from Heckathorn and Gibs (2010) [49] and Wilson (2014) [50] , LIDOD was calculated during three storm events that represent a range of O 2 reduction rates that were calculated during the period of field observation for DO. The measured DO concentrations for piezometers 1 and 3 were plotted as a function of elapsed time, resulting in a DO depletion curve. Elapsed time for each rain event was defined from the beginnings of the rain event to the time of lowest measured DO concentration before the recovery of DO levels to pre-event conditions. The slope of the linear segment of the oxygen-depletion curve was used to calculate the LIDOD rate as:
where LIDOD T is the LID oxygen demand rate (mg·m -3 ·min -1 ) at water temperature T; V water is the volume of water in the gravel (m 3 ); V trench is the maximum volume capacity of the infiltration trench (m 3 ); and b is the slope of the oxygen-depletion curve for each storm event (mg·m -3 ·min -1 ). The variable b is similar to −K 0 , but expressed in different units. In order to standardize DO measurements among different rain events and temperatures, the measured LIDOD rates are adjusted to 20 • C using the standard van't Hoff equation [49] :
where LIDOD 20 is the LID oxygen demand rate (mg·m -3 ·min -1 ) at 20 • C, and T is the water temperature ( • C). Because DO concentrations and water temperature were measured at a 2-min interval, the LIDOD T and the LIDOD 20 rate were similarly calculated at 2-min intervals for each rain event for piezometers 1 and 3. Volume of water in the gravel was calculated based on an average water level from piezometers 1 and 3. An average of the calculated LIDOD 20 rates for all rain events for piezometers 1 and 3 was calculated and this average represents the LIDOD 20 for the entire infiltration trench.
Results and Discussion
Water Levels, Saturation of Gravel, Temperature, and Conductivity in Response to Stormwater Runoff
During the period of observations (July 2012-June 2014), all of the hourly and daily precipitation were below the 2-5-year design storm values (<15 mm (Figure 3 ) and <60 mm (shown in [51] ), respectively). The maximum hourly precipitation was 12.7 mm (Figure 3 ). Precipitation and stormwater events throughout the period of observation resulted in sharp and substantial increases in water levels in all three piezometers (Figure 3) . A short time-lag (less than an hour) was observed between the beginning of the precipitation events to the first increase in water levels above pre-event values. This fast response in water levels to precipitation events is a function of the high CN number (98) of the effective drainage area and the relatively high infiltration capacity in the gravel trench, which enables effective capture and storage of stormwater. The infiltration of the stormwater below the gravel trench is recorded as water levels decline in the piezometers. A previous study [27] has reported that the infiltration of stormwater below the infiltration trench can result in very high recharge rates (1750 to 3710 mm·year -1 ).
Time series of hourly precipitation and saturation of gravel (%) at each piezometer for events that occurred during the rainy season (November to March) of 2013 and 2014 are shown in Figure 4 . During the rainy season, water levels were observed in the piezometers and saturation of gravel was always greater than 0%. Although the precipitation did not exceed the 2-5-year design storm, saturation of gravel exceeded 100% during several precipitation event (Figure 4) , resulting in the ponding of stormwater at land surface. Ponding of stormwater at land surface was more frequently detected at the inflow to the LID near piezometer 1 than at locations near piezometers 2 or 3 ( Figure 4) .
The time series of the water levels and corresponding saturation of gravel (%) indicate spatial variation in the flow and storage of stormwater within the LID during the same rain events (Figure 4 ). Higher water levels and greater saturation of gravel (%) generally occur near piezometer 1 than piezometer 2 ( Figure 4 ) as a result of piezometer 1 receiving more stormwater sooner due to proximity to the inlet pipe, causing temporary ponding as water infiltrates downward or laterally along the infiltration trench. However, water levels at piezometer 3 (located farthest from inlet pipe (Figure 2) ) were occasionally observed to be higher than water levels in piezometers 1 and 2. Piezometer 3 is located near the cement stormwater overflow structure at the downstream end of the infiltration trench ( Figure 2 ). The walls of the stormwater overflow structure acts as an impermeable surface, which prevents lateral water flow and occasionally results in greater saturation of gravel (%) near piezometer 3. However, no events were observed where the saturation of gravel exceeded 100% at all piezometer locations simultaneously (Figure 4) , indicating that the maximum storage capacity of the LID trench was not exceeded during the period of observation. The duration of saturation of gravel is a function of the intensity and duration of the precipitation, but generally lasted for several days after each storm event (Figure 4 ). The maximum duration that the infiltration trench was saturated above pre-event water levels was about 12-14 days for all three wells ( (Figure 4d ), successive precipitation events resulted in some of the longest periods of saturation above pre-event water levels. Lower intensity and single rain events generally resulted in shorter periods of saturation above pre-event water levels, as was the case for the storm event on 2 February 2014 that took 2-3 days for saturation levels to return to pre-event conditions for all three piezometers (Figure 4b ).
Time series of water temperatures for the period of observation are shown in Figure 3 . Measured water temperatures in the three piezometers average about 15 °C, but fluctuate depending on the temperature of stormwater runoff. Observed water temperatures show variation before and after precipitation events during the rainy seasons of 2013 and 2014. Mixing of existing water in the gravel with relatively colder or warmer stormwater decreased or increased water The duration of saturation of gravel is a function of the intensity and duration of the precipitation, but generally lasted for several days after each storm event (Figure 4) . The maximum duration that the infiltration trench was saturated above pre-event water levels was about 12-14 days for all three wells (Figure 4 Time series of conductivity (μS/cm) for the period of observation are shown in Figure 3 . In general, the conductivity values decreased immediately following rising water levels from the inflow of stormwater during precipitation events (Figure 3 ; reference [51] has a detailed time series plots of conductivity and water levels). This inverse relationship is attributed to the dilution of stored water in the gravel trench by the inflow of stormwater runoff and is consistent with previous studies. Datry et al. (2004) [35] found that inflow to a stormwater infiltration basin resulted in a sharp decrease in conductivity in the infiltration bed. Appleyard (1993) [52] demonstrated similar findings that stormwater recharge through infiltration basins receiving runoff from large impervious catchments resulted in a substantial reduction in total dissolved solids to depths of more than 10 m below the water table.
DO Dynamics in Response to Saturation of Gravel Magnitude and Duration
To illustrate the relation among precipitation, saturation of gravel (%), and DO concentrations, the time series for a period of the 2013-2014 rainy season (24 February to 5 April 2014) are shown in Time series of water temperatures for the period of observation are shown in Figure 3 . Measured water temperatures in the three piezometers average about 15 • C, but fluctuate depending on the temperature of stormwater runoff. Observed water temperatures show variation before and after precipitation events during the rainy seasons of 2013 and 2014. Mixing of existing water in the gravel with relatively colder or warmer stormwater decreased or increased water temperature in the gravel, respectively (Figure 3) .
Time series of conductivity (µS/cm) for the period of observation are shown in Figure 3 . In general, the conductivity values decreased immediately following rising water levels from the inflow of stormwater during precipitation events (Figure 3 ; reference [51] has a detailed time series plots of conductivity and water levels). This inverse relationship is attributed to the dilution of stored water in the gravel trench by the inflow of stormwater runoff and is consistent with previous studies. Datry et al. (2004) [35] found that inflow to a stormwater infiltration basin resulted in a sharp decrease in conductivity in the infiltration bed. Appleyard (1993) [52] demonstrated similar findings that stormwater recharge through infiltration basins receiving runoff from large impervious catchments resulted in a substantial reduction in total dissolved solids to depths of more than 10 m below the water table.
To illustrate the relation among precipitation, saturation of gravel (%), and DO concentrations, the time series for a period of the 2013-2014 rainy season (24 February to 5 April 2014) are shown in Figure 5 . The rapid responses in water levels and saturation of gravel (%) to precipitation events and stormwater runoff have an important control of DO dynamics in the gravel infiltration trench ( Figure 5 ). Due to the geometry of the miniDOT oxygen loggers inside the piezometers, the saturation of gravel (%) has to be ≥39% for the DO sensors to be in contact with stormwater that has collected in the gravel trench ( Figure 5 ). When the saturation of gravel (%) is <39%, DO concentrations are highly oxic conditions (>8 mg·L -1 ) and indicate that the miniDOT oxygen loggers are in direct contact with the atmosphere. After stormwater flows into the gravel trench and the saturation of gravel (%) exceeds 39%, we generally observed that DO concentrations decline rapidly, reaching anoxic conditions (<0.5 mg·L -1 ) during some rain events (e.g., 1 March 2014 at piezometer 1 and 3) (Figure 5a,b) . However, we also observed that DO concentrations increase with input of stormwater when DO concentrations in the gravel were anoxic or at lower concentrations than DO of the stormwater runoff (e.g., 6 March 2014 at piezometer 1 and 3) (Figure 5a,b) . To confirm the DO concentrations of the stormwater runoff, we measured the DO of stormwater directly from the inflow drain (Figure 2 ) during the precipitation event on 26 February 2014, which had DO concentrations that ranged from 6.86 to 8.25 mg·L -1 . These DO concentrations are consistent with stormwater DO (6.00 to 9.90 mg·L -1 ) reported from previous studies [35, 53] . . The rapid responses in water levels and saturation of gravel (%) to precipitation events and stormwater runoff have an important control of DO dynamics in the gravel infiltration trench ( Figure 5 ). Due to the geometry of the miniDOT oxygen loggers inside the piezometers, the saturation of gravel (%) has to be ≥39% for the DO sensors to be in contact with stormwater that has collected in the gravel trench ( Figure 5 ). When the saturation of gravel (%) is <39%, DO concentrations are highly oxic conditions (>8 mg•L -1 ) and indicate that the miniDOT oxygen loggers are in direct contact with the atmosphere. After stormwater flows into the gravel trench and the saturation of gravel (%) exceeds 39%, we generally observed that DO concentrations decline rapidly, reaching anoxic conditions (<0.5 mg•L -1 ) during some rain events (e.g., 1 March 2014 at piezometer 1 and 3) (Figure 5a,b) . However, we also observed that DO concentrations increase with input of stormwater when DO concentrations in the gravel were anoxic or at lower concentrations than DO of the stormwater runoff (e.g., 6 March 2014 at piezometer 1 and 3) (Figure 5a,b) . To confirm the DO concentrations of the stormwater runoff, we measured the DO of stormwater directly from the inflow drain (Figure 2 ) during the precipitation event on 26 February 2014, which had DO concentrations that ranged from 6.86 to 8.25 mg•L -1 . These DO concentrations are consistent with stormwater DO (6.00 to 9.90 mg•L -1 ) reported from previous studies [35, 53] . The time lag between the stormwater runoff, increased saturation of gravel (%), and corresponding changes to DO concentration was very short, often on the order of less than an hour to several days ( Figure 5 ). For example, during the precipitation event on 26 February 2014 DO concentrations in piezometer 1 declined from 9.2 to 3.4 mg·L -1 within one day (Figure 5a ). Although a subsequent smaller precipitation event on 27 February resulted in a slight increase in DO to about 4.0 mg·L -1 in piezometer 1, the DO continued a rapid decrease toward anoxic conditions (<0.5 mg·L -1 ) by 28 February (Figure 5a ). Subsequent precipitation events and stormwater runoff from 28 February to 2 March 2014 resulted in rapid DO fluctuations from anoxic to oxic (<4.0 mg·L -1 ) conditions that closely matched the magnitude of fluctuations in saturation of gravel (%) (Figure 5a ). Between 26 February and 2 March, anoxic conditions were observed for a relatively short period of about 15 h (Figure 5a ). The DO returned to pre-event oxic conditions as the result of either the replenishment with oxic stormwater or infiltration-induced lowering of water levels in piezometer below 39% saturation of gravel (Figure 5a) .
The DO fluctuations in piezometer 3 ( Figure 5b ) as a response to the magnitude of saturation of gravel (%) follow the same general pattern as those observed in piezometer 1. However, anoxic conditions were observed for almost 2 days in piezometer 3 during the same period of 26 February and 2 March (Figure 5b ). These results indicate that even within a relatively short distance (<10 m), the duration of anoxic conditions can be substantially (about 3×) different between the two ends of the gravel infiltration trench (Figure 2 ). These findings indicate considerable spatial variability in the redox conditions and reactions that may occur within a LID BMP, even during the same precipitation and stormwater events.
The duration of saturation of gravel (days with >39% saturation of gravel) and corresponding DO concentrations in piezometers 1 and 3 for six precipitation events during the period of observation are summarized in Table 1 and Figure 6 . The maximum values of DO shown in Table 1 refer to DO concentrations in the gravel at the time the precipitation event began, and minimum values refer to the DO concentrations at the end of saturation period when the water levels start recovering (increasing). Due to the geometry of the LTC Leveloggers and miniDOT oxygen loggers inside the piezometers, the reported values of duration of saturation of gravel (%) and DO concentrations (Table 1) underestimate the actual duration of time that the entire thickness of the gravel trench is saturated. Table 1 and Figure 6 indicate an inverse relation between duration of saturation of the gravel (days) and DO concentration. Significant (α = 90%) and inverse Spearman correlations (N = 6) were observed between the duration of saturation of gravel (days) and average and minimum DO values for piezometer 1 (average rho = −0.77 (p = 0.072); minimum rho = −0.83 (p = 0.041)) and piezometer 3 (average rho = −0.71 (p = 0.110); minimum rho = −0.83 (p = 0.041)), respectively. These results indicate that a large percentage of the variation in DO concentrations can be explained by the corresponding duration of saturation of gravel (days). Due to the relatively low number of observations (N = 6) in Figure 6 , the data point with duration of saturation >5 days has a strong influence on the linear regression. The duration of saturation >5 days is caused by the relatively longer period of precipitation (26 February to 3 March) than the other observations that typically had precipitation events lasting less than two days (Table 1) . If the >5 days of saturation is treated as an outlier and not included in the analysis, we note less significant and inverse Spearman correlations (N = 5) for piezometer 1 (avg. rho = −0.60 (p = 0.284); min. rho = −0.70 (p = 0.188)) and piezometer 3 (avg. rho = −0.90 (p = 0.037); min. rho = −0.70 (p = 0.188)), respectively. regression. The duration of saturation >5 days is caused by the relatively longer period of precipitation (26 February to 3 March) than the other observations that typically had precipitation events lasting less than two days (Table 1) The less significant Spearman correlations between duration of saturation of gravel and DO for piezometer 3 than piezometer 1 is likely related to the previously mentioned spatial variation in flow geometry within the infiltration trench. Anoxic conditions in stormwater near piezometer 3 occurred more often and prevailed longer than piezometer 1 ( Figure 5 ) and more rapidly during the first two days during saturation (Figure 6b) , as compared to piezometer 1 (Figure 6a) . The spatial variation in redox dynamics between piezometer 1 and piezometer 3 is a result of the proximity to the inflow The less significant Spearman correlations between duration of saturation of gravel and DO for piezometer 3 than piezometer 1 is likely related to the previously mentioned spatial variation in flow geometry within the infiltration trench. Anoxic conditions in stormwater near piezometer 3 occurred more often and prevailed longer than piezometer 1 ( Figure 5 ) and more rapidly during the first two days during saturation (Figure 6b) , as compared to piezometer 1 (Figure 6a) . The spatial variation in redox dynamics between piezometer 1 and piezometer 3 is a result of the proximity to the inflow drain where piezometer 1 (closest to inlet pipe) has a more immediate response to precipitation events due to receiving larger amount of oxic stormwater input sooner than piezometer 3, and the restricted lateral flow near piezometer 3 caused by the impermeable cement stormwater overflow structure. The duration of saturation of gravel is also a function of drainage rate of the gravel trench and the saturated hydraulic conductivity of the underlying loamy sand (see Table 1 in [27] ). There are likely spatial heterogeneities in soil texture and corresponding hydraulic properties of the loamy sand and sandy clay loam beneath the gravel trench that may have an effect on the spatial variations in stormwater draining beneath the gravel trench. Additionally, infiltration rates beneath surface ponding are known to decrease with time, which leads to longer residence times of stormwater and reaction progress for DO consumption by microbial respiration in the gravel trench. Lower infiltration rates have been shown to result in more microbial oxygen consumption, leading to anoxic conditions in the vadose zone [36] .
The observed DO dynamics in response to the hydraulic conditions and stormwater runoff exhibit a strong inverse relation between the saturation of gravel (%) and DO concentrations (Figures 5 and 6 ). The rapid consumption of DO while the gravel is at >39% saturation is likely caused by microbial respiration in the gravel trench. Although not measured in this study, stormwater is often rich in organic matter [38, 54] , which we infer as an important electron donor for microbially mediated oxygen reduction in the gravel trench. Furthermore, observed water temperatures for the period of field observation of DO (February-June 2014) range between 7 • C and 23 • C (Figure 3 ), which are above the benchmark temperature referred to as biological zero (5 • C), below which microbial activity generally ceases [55] .
DO Dynamics in Response to Water Temperature
To illustrate the relation between precipitation events, water temperature, and DO concentrations, time series for a period of the 2013-2014 rainy season (24 February to 5 April 2014) are shown in Figure 7 . Measured water temperatures in the infiltration trench during this period ranged between 12 • C and 17 • C ( Figure 7) . As previously described in Figure 3 , there was no consistent pattern of stormwater effect on water temperature in the gravel trench (Figure 7) . Runoff of relatively cooler stormwater decreased the water temperature in the gravel trench and runoff of relatively warmer stormwater increased water temperatures in the infiltration trench (Figure 7) .
Warmer water temperatures are associated with greater microbial activities in soils, and therefore higher rates of DO consumption [38] . Vaughan et al. (2009) [26] observed that during periods of cooler soil temperatures, saturated soils took longer to become reducing. However in this study, the observed variations in stormwater temperature have no apparent influence on the DO dynamics in the gravel trench (Figure 7 (Figure 7a ). Using a t-test, we tested if the DO concentrations were statistically different during relatively warm or cold stormwater events (N = 6) for the period February to June 2014. Here we categorize warm or cold stormwater events relative to the average water temperature in the infiltration trench. Results of the t-test indicate no statistical difference (p < 0.0001) in DO concentration during the relatively warm or cold stormwater events. (Figure 7) . Warmer water temperatures are associated with greater microbial activities in soils, and therefore higher rates of DO consumption [38] . Vaughan et al. (2009) [26] observed that during periods of cooler soil temperatures, saturated soils took longer to become reducing. However in this study, the observed variations in stormwater temperature have no apparent influence on the DO dynamics in the gravel trench (Figure 7 
Rates of O 2 Reduction and LID O 2 Demand (LIDOD)
Rates of O 2 reduction for stormwater in piezometers 1 and 3 were estimated for six precipitation events during the period February-April 2014 (Table 2) . O 2 reduction plots show a linear relation with time from the beginning of the rain event to the lowest DO values during that event (plots shown in [51] ), indicating a zero-order kinetics for the O 2 reduction process in the gravel trench. The linear fit for the O 2 reduction plots results in a relatively small range of O 2 reduction zero-order rates: 0.002-0.004 mg·L -1 ·min -1 (0.10-0.25 mg·L -1 ·h -1 ) for stormwater in piezometer 1 and 0.002-0.005 mg·L -1 ·min -1 (0.12-0.27 mg·L -1 ·h -1 ) for stormwater in piezometer 3 ( Table 2 ). The O 2 reduction rate for the entire gravel trench was calculated as the average of all the zero-order rates from piezometers 1 and 3, resulting in a value of 0.003 mg·L -1 ·min -1 (0.179 mg·L -1 ·h -1 ).
The LIDOD T and LIDOD 20 (Table 2) were calculated using the measured DO concentrations for piezometers 1 and 3 plotted as a function of elapsed time (in minutes) from the beginning of the precipitation event until the lowest DO concentrations measured before recovery of DO levels to pre-event conditions (Figure 8 ). The slope of the best-fit regression line for each oxygen-depletion curve (mg·m -3 ·min -1 ) (b, Equation (5)) was calculated ( Figure 8 ) and used to estimate the LIDOD T and LIDOD 20 for each event ( Table 2 ). The range of LIDOD T is 1.48-2.49 mg·m -3 ·min -1 for stormwater in piezometer 1 and 1.52-1.83 mg·m -3 ·min -1 for stormwater in piezometer 3. The LIDOD T were converted to LIDOD 20 , which ranged between 2.23 and 3.59 mg·m -3 ·min -1 for piezometer 1 and 2.80 and 2.81 mg·m -3 ·min -1 for piezometer 3. The LIDOD 20 for the entire gravel trench was calculated as the average of all the LIDOD 20 values from piezometers 1 and 3, resulting in a value of 2.71 mg·m -3 ·min -1 . [56] estimated zero-order O 2 reduction rates in four Principal Aquifers of the U.S. that ranged between 0.03 and 6 mg·L -1 ·year -1 (equivalent to 5.707 × 10 −8 and 1.1415 × 10 −5 mg·L -1 ·min -1 ). The higher rates of O 2 reduction reported here are attributed to the differences in the spatial and temporal scales of measurements between the LID infiltration trench and groundwater in aquifers. The dynamic flow system of the LID infiltration trench is in more direct contact with the atmosphere and receives more regular inflow of oxic recharge in the form of stormwater runoff as compared to groundwater in most aquifers that is deeper and more isolated from the atmosphere. Additionally, the stormwater runoff in the infiltration trench likely has greater organic matter content than recharge to deeper aquifers [54] , and thus the more readily available electron donor promote more rapid microbial O 2 reduction in the infiltration trench. Similarly, aerobic respiration rates are expected to be high in aquifers contaminated with organic compounds because the availability of electron donors as the primary factor affecting O 2 reduction rates [39] . The importance of organic matter driving O 2 reduction rates in the LID infiltration trench is further supported by the observations of Tesoriero and Puckett (2011) [39] that concentrations of dissolved organic carbon (DOC) were positively correlated with groundwater age at sites with high O 2 reduction rates and negatively correlated at sites with lower rates.
expected to be high in aquifers contaminated with organic compounds because the availability of electron donors as the primary factor affecting O2 reduction rates [39] . The importance of organic matter driving O2 reduction rates in the LID infiltration trench is further supported by the observations of Tesoriero and Puckett (2011) [39] that concentrations of dissolved organic carbon (DOC) were positively correlated with groundwater age at sites with high O2 reduction rates and negatively correlated at sites with lower rates. The observation of anoxic conditions and rapid O2 reduction rates in the infiltration trench has important implications for many stormwater pollutants, and particularly for denitrification of NO3 − in stormwater runoff. Previous studies identified <0.5 mg•L -1 [32] as the O2 concentration threshold required for the onset of denitrification in groundwater, but the threshold could be as high as <1 mg•L -1 [39] and <2 mg•L -1 in some aquifers [57, 58] . The estimated rates for O2 reduction in this study strongly indicate that redox conditions favorable for denitrification may be present in the infiltration trench. Based on O2 reduction rate of 0.003 mg•L -1 •min -1 and a maximum initial DO concentration of 10 mg•L -1 , redox conditions in the infiltration trench may reach the lower end of O2 concentration threshold (<0.5 mg•L -1 ) required for the onset of denitrification in about 2-3 days (and <2 days to reach <2 mg•L -1 ). The time to reach anoxic conditions in the infiltration trench varies depending on the initial oxic conditions present at the beginning of the precipitation event and the duration the infiltration trench is saturated. Future work here at the SFSU LID research network will evaluate denitrification rates and removal of NO3 − in stormwater runoff during anoxic conditions observed in the LID infiltration trench, and whether the observed 15 h to two days of continuous anoxic conditions in the gravel trench is representative of wetter precipitation scenarios or the vadose zone The observation of anoxic conditions and rapid O 2 reduction rates in the infiltration trench has important implications for many stormwater pollutants, and particularly for denitrification of NO 3 − in stormwater runoff. Previous studies identified <0.5 mg·L -1 [32] as the O 2 concentration threshold required for the onset of denitrification in groundwater, but the threshold could be as high as <1 mg·L -1 [39] and <2 mg·L -1 in some aquifers [57, 58] . The estimated rates for O 2 reduction in this study strongly indicate that redox conditions favorable for denitrification may be present in the infiltration trench. Based on O 2 reduction rate of 0.003 mg·L -1 ·min -1 and a maximum initial DO concentration of 10 mg·L -1 , redox conditions in the infiltration trench may reach the lower end of O 2 concentration threshold (<0.5 mg·L -1 ) required for the onset of denitrification in about 2-3 days (and <2 days to reach <2 mg·L -1 ). The time to reach anoxic conditions in the infiltration trench varies depending on the initial oxic conditions present at the beginning of the precipitation event and the duration the infiltration trench is saturated. Future work here at the SFSU LID research network will evaluate denitrification rates and removal of NO 3 − in stormwater runoff during anoxic conditions observed in the LID infiltration trench, and whether the observed 15 h to two days of continuous anoxic conditions in the gravel trench is representative of wetter precipitation scenarios or the vadose zone sediments beneath the gravel trench. We suspect that anoxic conditions in the underlying vadose zone sediments persist longer than what is observed in the trench gravel.
Conclusions and Implications for Designing LID BMPs
We find that the magnitude and duration of fluctuations in DO concentrations in the infiltration trench were influenced by hydraulic conditions in the gravel with an apparent inverse relation to the duration of saturation of gravel (%). DO was quickly consumed and conditions reached anoxic levels within hours to days of stormwater events, and strongly indicates that microbial respiration is a limiting factor for DO in the gravel trench. Anoxic conditions remained for short periods of time (from a few hours to maximum of two days) and returned relatively quickly to oxic conditions after the end of each precipitation event by either rapid infiltration of stormwater and drying of the gravel or by re-oxygenation with oxic stormwater runoff. In contrast, the temperature of stormwater runoff was not found to exhibit a major influence on redox dynamics in the infiltration trench, which may be a function of the relatively constant Mediterranean climate of San Francisco. Statistical analysis of stormwater events with different temperatures shows no significant difference between the DO concentrations in the gravel trench during relatively warm and cold stormwater runoff. Follow-on studies that monitor changes in dissolved organic carbon (DOC) and nitrogen (NO 3 − , NH 4 + ) and phosphorus (PO 4 3− ) species will gain additional insight into important biogeochemical controls on DO consumption and have a greater ability to generalize our findings to other LID systems.
We also find that the average O 2 reduction rate for the infiltration trench is 0.003 mg·L -1 ·min -1 , which is two to five orders of magnitude higher than the O 2 reduction rates for groundwater from previous studies. Higher rates of O 2 reduction reported here reflect the more dynamic flow system of the infiltration trench that receives more oxic water and organic carbon in stormwater runoff that drives faster microbial O 2 reduction. The estimated O 2 reduction rate and observed DO concentrations strongly indicates that anoxic conditions are temporally present and could possibly enable denitrification processes and removal of NO 3 − , which is the most ubiquitous contaminant of groundwater resources worldwide. To confirm our hypothesis that denitrification is a possible O 2 consumption pathway when anoxic conditions are reached, additional characterization of the pore-water quality, microbial communities in the biomass, and nitrification/denitrification or mineralization processes in the LID system is necessary and recommended for follow-on studies.
The findings from this study have important implications for the design of infiltration trenches and potentially other types of LID BMPs. The important hydraulic controls, such as the magnitude and duration of saturation of gravel on DO concentrations, O 2 reduction rates, and resulting redox conditions could be altered through the design of the infiltration trench. In general, the relative dimensions of the surface area and average depth of the gravel trench could be manipulated to achieve desired redox dynamics and conditions within and beneath the infiltration trench. For illustration purposes of these concepts, we assume an infiltration trench with similar stormwater storage capacity (3.0 m 3 ) and underlying soil texture as in this study, but consider two hypothetical design scenarios by altering the ratio of surface area to depth of the gravel trench. A similar stormwater storage capacity could be achieved by using a slightly lower ratio of gravel surface area to depth (smaller area and greater depth) or a slightly higher ratio of gravel surface area to depth (greater area and smaller depth). Therefore, the two hypothetical design scenarios would have the same saturation of gravel (%) under identical precipitation events, but different duration of saturation of gravel (minutes).
The lower ratio of area to depth design would create relatively higher water levels within the gravel and corresponding longer time to infiltrate into the underlying soil. This longer duration of saturation of gravel would enable longer time for microbial O 2 reduction, resulting in possibly more frequent and longer periods of anoxic conditions within and beneath the gravel trench. Such a hypothetical LID design that enhances the frequency and duration of anoxic conditions may be best used to promote denitrification of elevated NO 3 − concentrations in stormwater from areas of high fertilizer use on lawns, golf courses, or agricultural land-use settings. Future work should address more complex systems that require coupled oxic-anoxic zones to oxidize ammonia to nitrate and then promote denitrification and reduce NO 3 − . In contrast, the higher ratio of area to depth design would create relatively lower water levels within the gravel and corresponding shorter time to infiltrate into the underlying soil. This shorter duration of saturation of gravel would enable shorter time for microbial O 2 reduction, resulting in possibly less frequent and shorter periods of anoxic conditions within and beneath the gravel trench. Such a hypothetical LID design that diminishes the frequency and duration of anoxic conditions may be best used to reduce the mobilization of redox sensitive heavy metals in stormwater from parking lots, roads, and other urban or industrialized land-use settings. Although we found that the temperature of stormwater runoff was not a significant control on redox dynamics in the infiltration trench studies here, the two hypothetical design scenarios could potentially enhance a temperature effect on redox dynamics. The lower ratio of area to depth design could potentially result in relatively cooler stormwater temperatures in the gravel trench, while the higher ratio of area to depth design could potentially result in relatively warmer stormwater temperatures because of the relative differences in the penetration of solar radiation through the gravel trench. Additional study is needed to evaluate how these and other design scenarios may affect the microbial respiration rates and redox conditions of the stormwater within and beneath the LID BMPs. Altering the design of LID BMPs to manipulate redox processes could be an important tool to help protect groundwater quality from the infiltration and recharge of contaminated stormwater runoff beneath LID BMP features.
